A mutant was isolated from Escherichia coli K-12 which showed increased resistance towards phosphonomycin, a new bactericidal antibiotic recently isolated from strains of Streptomyces. Evidence is presented which suggests that this mutant is resistant to lysis by phosphonomycin because of a lower affinity of phosphoenolpyruvate: uridine diphospho-N-acetylglucosamine enolpyruvyl transferase for this antibiotic. This mutant was also found to be temperaturesensitive in growth. At 42 C mutant cells grew poorly, and the rate of incorporation of 3H-diaminopimelic acid into trichloroacetic acid-insoluble material was also greatly reduced. Genetic studies indicate that the increased resistance toward phosphonomycin and temperature sensitivity in growth of this mutant are probably the consequences of a single mutation.
It has been shown that the first unique reaction in the biosynthesis of uridine diphosphate (UDP)-N-acetylmuramyl peptides in microorganisms is the transfer of enolpyruvate from 2-phosphoenolpyruvate (PEP) to the C-3 position of glucosamine in UDP-N-acetylglucosamine (UDPGlcNAc) (3, 12) . Anwar and his coworkers have purified this enzyme, PEP: UDPGlcNAc enolpyruvyl transferase, from Enterobacter cloacae (4) . The second enzyme in the pathway of biosynthesis of cell wall precursors, UDP-N-acetyl enolpyruvylglucosamine reductase, has also been characterized (13) .
Phosphonomycin (1,2-epoxypropylphosphonic acid), a bactericidal antibiotic recently isolated from strains of Streptomyces, has been shown to be a potent and irreversible inhibitor of PEP: UDPGlcNAc enolpyruvyl transferase (1, 5) . Phosphonomycin presumably enters the bacterial cell via either of at least two inducible transport systems for phosphate esters, namely the L-a-glycerophosphate transport system (glpT) and the hexose phosphate transport system (uhp) in Escherichia coli (7) . Thus, most mutants resistant to phosphonomycin were found to be defective in the uptake of L-a-glycerophosphate or glucose -6-phosphate, thus unable to grow on one of these two compounds as the sole carbon source (F. Kahan, personal communication). However, in addition to this decreased penetration of a drug as a mechanism of drug resistance in bacteria, we can envisage several other biochemical mechanisms, including an increased degradation of the drug (or decreased conversion of an inactive to an active principle), an increased concentration of a metabolite antagonizing the drug, derepressed synthesis of the target enzyme, activation of an alternative metabolic pathway bypassing the drug-inhibited reaction, a decreased requirement for the final product, and an altered enzyme with a reduced affinity for the drug (2) .
Among the above-mentioned types of drugresistant mutants, we are mainly interested in those in which the drug resistance is either due to derepression in the synthesis of the target enzyme or due to decreased affinity of the mutant enzyme towards the drug. Thus one might expect among E. coli mutants resistant to phosphonomycin ones with over-production of PEP: UDPGlcNAc enolpyruvyl transferase and those having modified transferase with decreased affinity for phosphonomycin or PEP or both. In our preliminary experiments, we have confirmed that the most frequently isolated mutants of E. coli resistant to phosphonomycin were those which had lost their ability to grow on minimal media with L-a-glycerophosphate or glucose-6-phosphate as sole carbon source, while remaining capable of growing on minimal media containing glucose or glycerol. The drug resistance in these mu-935 on January 6, 2018 by guest http://jb.asm.org/ Downloaded from tants is presumably due to defects in the entry of the drug into the mutant cells. In this paper, we shall describe the isolation of a phosphonomycin-resistant mutant from E. coli K-12 which grows normally in minimal media containing L-a-glycerophosphate or D-glucose-6-phosphate as sole carbon source. Preliminary characterization of this mutant suggests that the resistance toward phosphonomycin is due to a decreased affinity of PEP:UDPGlcNAc enolpyruvyl transferase toward this analogue of PEP. Likewise, there appears to be a corresponding increase in the Km of this enzyme for PEP, which may explain the decreased rate of peptidoglycan synthesis and of growth and division of the mutant cells at 42 C.
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli K-12, strain AB1157, (F-arg-thr-his-pro-leu-thi1ac-gal-ara-xyl-mtl1strArtsxr) was used as the parental wild-type strain in this study. The genetic markers of this strain and those of HfrC and HfrH were described previously (14) . The growth conditions and the composition of the rich media (L broth and PPBE broth) were the same as previously described (14) . The minimal medium used in the present study was M9 medium which contains 0.6% Na2HPO4, 0.3% KH2PO 4, 0.05% NaCl, 0.1% NH4C1, 0.024% MgSO4 and 0.011% CaCl2.
Mutagenesis. Mutagenesis of E. coli cells with ethyl methane sulfonate (EMS) was carried out by the method of Lin et al. (8) .
Isolation of phosphonomycin-resistant mutants. An ovemight culture of the wild-type strain AB1157 in PPBE broth was diluted 50-fold with fresh media and incubated at 37 C for 2 hr. EMS was then added at a concentration of 0.03 ml of EMS per 2 ml of culture. After reincubation at 37 C for 2 hr, the mutagenized cells were centrifuged, washed, and allowed to grow out in PPBE broth at 30 C overnight for phenotypic expression. Phosphonomycin was then added to this culture to a final concentration of 0.3 mM. Killing of the sensitive cells by this drug was allowed to proceed at 30 C for 5 to 6 hr. The remaining viable cells were then centrifuged, washed, and allowed to grow in PPBE broth at 30 C overnight. The survivors were found to be mostly transport mutants of any of the following three types: glpT-, uhp-, or pleiotrophic ctr- (7 Cells were washed once with distilled water (approximately 25 times the volume of the wet cells), followed by washing with ice-cold acetone (approximately 25 times the volume of the wet cells). The acetone-washed cells were dried in vacuo at room temperature for 2 to 3 hr. Acetone-treated powder was stored at -80 C and retained the activity of this enzyme for at least 6 months. The crude enzyme preparation was made by extracting the acetone powder (200 mg) with 1.2 ml of tris(hydroxymethyl) aminomethane (Tris)-Hydrochloride (pH 7.4) containing 4 mM dithiothreitol.
I4C-labeled PEP was prepared enzymatically from 3-phospho-D-glycerate-U-"4C essentially according to the procedure of Gunetileke and Anwar (4). The product was separated from the reaction mixture by paper chromatography on Whatman no. 3 MM paper, using a solvent system of n-butanol-formic acid (88%)-diisopropyl ether (3:2: 1).
PEP: UDPGlcNAc enolpyruvyl transferase activity was assayed according to a procedure kindly made available to us by F. Kahan. Each assay mixture in a final volume of 100 plliters contains 10 pumoles of sodium maleate (pH 6.8), 1 Amole of KF, 8 nmoles of dithiothreitol, 30 nmoles of PEP-U-4C (300 counts per min per nmole) and 500 nmoles of UDP-GlcNAc. The reaction mixture was incubated at 37 C for varying periods of time (usually 5 to 20 min), using amounts of crude extracts containing 50 to 200 pg of protein. The reaction was stopped by the addition of 0.5 ml of 5% trichloroacetic acid containing sodium pyrophosphate. The precipitated proteins were removed by centrifugation at 1,000 x g at room temperature for 10 min, and the supernatant fluid was transferred to a tube containing 0.1 ml of a suspension of charcoal (100 mg/ml). The pellet was washed with 0.5 ml of 0.05 M ammonium acetate, and the washing was added to the charcoal suspension. The charcoal suspension was kept in ice for 30 min with occasional mixing. The suspension then was passed through a small column packed with glass wool and washed with 10 ml of 0.05 M ammonium acetate, pH 3.8. The charcoal column was then eluted with 2 ml of a mixture of 95% ethanol-0.05 M NH40H (1:1). The eluate was counted in a Beckman scintillation counter LS-230, using 10 ml of Patterson-Greene's scintillation solution (10) .
The rate of the transferase reaction assayed by the method described here was constant for at least 20 min; the rate was also constant with increasing amounts of crude extracts up to 500 pg of protein.
Measurements of DAP incorporation. To cells at early logarithmic phase of growth (OD,(, = 0.1) in PPBE broth or L broth were added L-lysine and 3H-labeled diaminopimelic acid (DAP) (65 mCi/mmole) PHOSPHONOMYCIN-RESISTANT MUTANT OF E. COLI to final concentrations of 0.5 mg/ml and 1 lCi/ml of culture, respectively. Samples (1 ml) of cell suspension were taken at regular intervals of time into chilled tubes containing 0.5 ml of 50% trichloroacetic acid and 1 ml of bovine serum albumin (1 mg/ml). The acid precipitates were collected by filtration through 24-mm glass fiber paper (Whatman GF/c), and washed with 10 ml of 10% trichloroacetic acid followed by 10 ml of 95% ethyl alcohol. The filters were dried with an infrared lamp, and the radioactivity was measured in a Beckman scintillation counter with toluene-based scintillation solution. At the end a sample of the acid precipitate was also hydrolyzed in 6 N HCl at 100 C for 20 hr. The hydrolysate, after removal of HCl, was spotted on Whatman no. 1 paper and subjected to high-voltage electrophoresis at pH 3.5 in pyridine-acetic acid-water (1:10: 440) for 30 min at 70 v/cm to separate DAP and lysine. Over 90% of the incorporated radioactivity was recovered as DAP.
Assays. Protein concentrations were determined by the method of Lowry et al. (9) or by the biuret method (6) .
Chemicals. All chemicals used in the present study were (Fig. 1) . At 30 C, especially in the presence of glucose, E187 formed mucoid colonies on enriched or minimal media. As can be seen from Fig. 2 and 3 , both the rate of growth (increase in turbidity) and that of cell wall synthesis (3H-DAP incorporation into trichloroacetic acid-insoluble material) were unaffected by 0.3 mM phosphonomycin in PPBE broth culture at both 30 and 42 C, whereas the wild-type cells were lysed rapidly by this concentration of phosphonomycin. The lysis of the wild-type cells was accompanied by cessation of 3H-DAP incorporation into trichloroacetic acid-precipitable materials, as well as by degradation of preexisting cell walls. As can be seen in Fig. 3 , the reduced rate of growth of the mutant cells at 42 C in the absence of phosphonomycin was accompanied by a concomitant decrease in 3H-DAP incorporation into trichloroacetic acidinsoluble materials.
Inhibition of PEP: UDPGlcNAc enolpyruvyl transferase by phosphonomycin. When a crude extract of the wild-type strain was preincubated with 0.05 mM phosphonomycin at 37 C, the activity of PEP: UDPGlcNAc enolpyruvyl transferase was irre- versibly inactivated, as shown in Fig. 4 . We have confirmed the observation by Kahan and his co-workers (F. Kahan, personal communication) that the inactivation of this enzyme by phosphonomycin required the presence of UDPGlcNAc (Table 2) . On the other hand, the activity of this enzyme in the crude extract of E187 cells was more resistant to this inactivation by phosphonomycin (Fig. 4) . Mixing experiments (Table 3) indicated that this increased resistance of E187 crude extract to phosphonomycin inhibition is probably not due to a soluble factor protecting the transferase from inhibition by phosphonomycin (e.g., elevated level of PEP) nor because of inactivation of phosphonomycin by E187 crude extract. A mixture of PEP: UDPGlcNAc enolpyruvyl transferase active fractions of an ammonium sulfate fractionation of the crude extracts from AB1157 and from E187 showed intermediate sensitivity toward phosphonomycin (Table 3) .
Affinity of PEP: UDPG1cNAc enolpyruvyl transferase for PEP and for phosphonomycin in AB1157 and E187. When increasing amounts of phosphonomycin were added to the crude extracts of wild-type and mutant cells in the presence of a saturating concentration of UDPGlcNAc but varying amounts of PEP, the kinetic data shown in Fig. 5 were obtained. Thus the mutant enzyme appeared to have fourfold lower affinity toward phosphonomycin than that of the wild-type enzyme. This might account for the apparent resistance of this mutant toward phosphonomycin both in vitro and in vivo. Likewise, there was a three-to fourfold increase in the Km for PEP of the mutant enzyme as compared to that of the wild type (Fig. 6) .
Correlation of temperature sensitivity in Effect of phosphonomycin on growth and 3H-DAP incorporation into trichloroacetic acid-insoluble material of AB1157 and E187 cells at 30 C. Cells were grown in 25 ml of PPBE broth at 30 C. Growth was followed by measurements of the optical density of the culture at 600 nm in a Zeiss spectrophotometer. Diaminopimelic acid-G-3H (DAP) (200 ACi4irnole) and L-lysine were added to final concentrations of 1 1uCi/ml and 500 jg/ml, respectively. Phosphonomycin was added to one of a pair of identical cultures to a final concentration of 0.3 mm, at the time indicated by arrow. At regular intervals of time, incorporation of 3H-DAP into acid-insoluble material was measured as described in Materials and Methods.
growth and phosphonomycin resistance in strain E187. Since strain E187 was obtained following EMS mutagenesis, it is conceivable that these two phenotypes, i.e., resistance to phosphonomycin and temperature sensitivity in growth, might be totally unrelated phenomena resulting from separate mutational events. To examine this possibility, spontaneous temperature-resistant revertants of strain E187 were isolated. Temperature-resistant revertants were found to be as sensitive to phosphonomycin as the wild-type strain, both in vivo and in vitro (Table 4 and Fig. 4) . It thus appeared likely that the temperature sensitivity in growth and phosphonomycin resistance were the consequences of a single mutational event.
Preliminary data on the mapping of the E187 mutation suggested the chromosomal location to be near the argECBH cluster at minute 77. Temperature -resistant recombinants could be obtained readily by conjugation between HfrC and E187 but not between HfrH and E187. The distribution of unselected markers among these trstrAr recombinants is given in Table 5 . Four temperature-resistant strA recombinants were studied for phosphonomycin sensitivity. All four recombinants (Table   VOL. 7) were sensitive to phosphonomycin, both in vivo and in vitro (Table 6 ). However, mapping of the E187 mutation by P1 transduction showed no cotransduction between argH and the E187 mutation.
DISCUSSION
The elucidation of the complex pathway leading to the biosynthesis of peptidoglycan is intimately related to the discovery of many potent antibiotics and the studies of their mechanisms of action. Phosphonomycin, like most bactericidal antibiotics, inhibits the biosynthesis of the bacterial cell wall, which is singularly important in the maintenance of the mechanical integrity and osmotic stability of a bacterial cell. Moreover, peptidoglycan is unique to bacterial cells as compared to animal and human host cells and hence is an ideal target for selective chemotherapy.
The present work concerns the isolation and characterization of a phosphonomycin-resistant mutant of E. coli. As previous work on D-cycloserine-resistant mutants has demonstrated, drug-resistant mutants are useful in at least two respects: in offering yet more evidence that the inhibition of a given enzyme activity is the biochemical basis of drug action; and secondly, in providing a tool for study of the regulation of the synthesis of the given enzyme (11) .
The data presented in this paper are consistent with the notion that mutant E187 is The crude extracts from AB1157, E187, and a temperature-resistant revertant of E187 (R-13) were preincubated at 37 C in the presence of 1(X mM sodium maleate (pH 6.8), 10 mM KF, 0.8 mM dithiothreitol, 4 mM UDPGIcNAc, and 0.05 mM phosphonomycin for varying periods of time. At intervals of 2 min, samples of the preincubation mixture were taken into tube containing 14C-PEP to start the reaction, the final concentration of PEP being 0.24 mM. Activity of this enzyme was plotted against the time of preincubation with phosphonomycin. a Enzymes used in this experiment were 40 to 60% ammonium sulfate fraction of crude extracts from wild-type strain (AB1157) and from mutant (E187). The crude enzyme preparation was precipitated by saturation with ammonium sulfate and centrifuged.
The pellet was redissolved successively with 80, 60, 40, 20, 0% ammonium sulfate in 0.05 M Tris, pH 7.5. The 40% ammonium sulfate-soluble fraction containing maximal PEP: UDPG1cNAc enolpyruvyl transferase activity was used to determine the inactivation by preincubation with phosphonomycin under conditions described in the legend to Fig. 4 . 
